We have expressed the full-length coding region and selected domains of the hepatitis C virus (HCV) cDNA in mammalian cells by transfection. Using HCV antibody-positive human sera and monospecific antibodies the proteins encoded by the putative structural and non-structural regions of the open reading frame of HCV were identified as core (p22), E1 (gp32-35), E2 (gp68-72), NS2 (p23), NS3 (p72), NS4a and b (pl0 and p27) and NS5a and b (p56 and p70). We have also defined the subcellular localizations of the HCV proteins using indirect immunofluorescence assays.
Introduction
Until recently the major aetiological agent of non-A, non-B hepatitis (NANBH) remained elusive, but molecular cloning techniques have identified the causative agent now designated hepatitis C virus or HCV . Cloning and recombinant expression of the genome has led to the development of diagnostic kits that have significantly reduced the incidence of transfusion-associated cases Donahue et al., 1992) . It has been proposed that HCV be classified as a new genus of the Flaviviridae family because it resembles both flaviviruses and pestiviruses in genome organization (structural proteins followed by nonstructural), hydrophobicity and limited sequence homology (Choo et al., 1991a, b) .
HCV has a positive-strand RNA genome which contains a large open reading frame (ORF) encoding 3010 to 3033 amino acids (Choo et al., , 1991b Kato et al., 1990; Takamizawa et al., 1991 ; Okamoto et al., 1991) . This ORF is flanked by a 341 nucleotide 5' untranslated region (UTR) and a short 3' UTR . The 5' region is highly conserved among HCV isolates (> 93 % nucleotide sequence identity between groups) and is similar to pestiviral UTRs, particularly in four regions (Takeuchi et al., 1990; Choo et al., 1991 b) . Although the HCV 5' UTR is composed of a relatively long leader and contains five small ORFs, which are reminiscent ofpicornaviral UTRs (Kitamura et al., 1981) , translation initiation of HCV-1 appears to be 5' end-dependent and is not initiated internally (Yoo et al., 1992) .
Although cloning of the HCV genome has led to its proposed classification, the identification of all the native proteins that derive from translation of the large ORF and their subsequent processing can only be inferred from related viruses. The identification of HCV proteins from cells infected with this virus is precluded because no reliable cell culture model exists that allows in vitro propagation of HCV, and natural infections generally produce only low virus titres. Expression of the fulllength recombinant genome in mammalian cells is therefore required to assign particular domains of the ORF accurately to processed proteins. Although expression of the N-terminal putative structural proteins in vitro and in vivo has led to the identification of core and envelope glycoproteins (Harada et al., 1991; Hijikata et al., 1991; Kumar et al., 1992; Matsuura et al., 1992; Spaete et al., 1992; R. Ralston et al., unpublished) , we do not know whether co-expression of the non-structural proteins influences processing of the structural proteins.
We employed a strategy for expression of the complete HCV genome that allowed the detection of proteins reactive with HCV-positive and monospecific antisera. We also determined the subcellular localizations of HCV proteins and compared the processing of the HCV polyprotein and those of other members of the Flaviviridae.
Methods
HCV clones. To generate the C9000 clone several cDNAs, isolated from a cDNA library from infectious chimpanzee plasma 910 , were ligated together such that nucleotides (nt) 68 to 9327 of HCV were present. A new vector, pMS100, was derived and facilitated cloning of the complete HCV genome, as follows. The pUC18 polylinker was removed and was replaced with synthetic oligonucleotides that included HindIII, Ncol, Asp718, EeoRI, NotI and (VVzT) at an m.o.i, of 10 for 1 h at 37 °C in Dulbecco's MEM (DME). The inocula were removed and washed twice with DME. DNA (2.5 gg/dish) plus lipofectin (30 lag/dish) mixtures in DME were prepared according to the manufacturer's (BRL) instructions and were then applied to the cells for a 3 h incubation at 37 °C. For labelling cells, the media were removed and replaced with 1 ml of methionine-/cysteine-deficient DME for 30 min, and followed by the addition of 100 gCi of [zSS]methionine and [aSS]cysteine. The cells were labelled for 3 to 5 h at 37 °C. The media were recovered and the cells were lysed directly in lysis buffer (100 mM-NaCI, 20 mM-Tris-HCl pH 7.5, 1 mM-EDTA, 0.5% NP40, 0-5% deoxycholate) containing PMSF (100 gM), leupeptin (0-5 lag/ml) and aprotinin (2 lag/ml). The lysates were transferred to microfuge tubes, vortexed, cleared of debris and stored at -80 °C. The lysates were cleared by centrifugation before use.
For Western blots the media were removed post-transfection and replaced with 3 ml of DME plus 10 % fetal bovine serum for a 3 to 5 h incubation. To harvest the cells, media were removed and the cells were washed once with cold PBS, scraped off the plate with a plastic cell scraper and pelleted in a clinical centrifuge. The supernatants were aspirated and the pellets were resuspended in 125 to 150 ~tl of sample buffer (Laemmli, 1970) . This suspension was passed through insulin hypodermic syringes three to five times to shear the genomic DNA and then boiled for 5 min.
Immunoprecipitations. Protein A-Sepharose CL-4B (Sigma) was added to microfuge tubes to obtain a bed volume of about 25 gl. The antibody was added, usually 20 gl of a 1:200 dilution with 150 gl of lysis buffer. The antibody/Protein A mixture was rocked at 4 °C for 1 to 3 h and washed three times with lysis buffer. Unlabelled control lysates in lysis buffer from cells infected with VVT7 and transfected without DNA were used to block the antibody and were also rocked at 4 °C for 1 h and washed three times with lysis buffer. The labelled lysates (typicalIy 30 % of the cleared Iysate) were added and rocked overnight at 4 °C. Finally, the samples were washed four times in lysis buffer and then 50 gl of sample buffer was added to each tube. The samples were boiled and 25 ~tl portions were loaded onto polyacrylamide gels. The gels were fixed in 50 % methanol/10 % acetic acid and either treated with En~Hance (NEN), dried and exposed to film with an intensifying screen or simply dried and exposed directly to Hyperfilm (Amersham).
Western blots. The boiled samples were loaded onto a polyacrylamide gel of the indicated percentage. After electrophoresis the proteins were electrotransferred to PVDF (Millipore) membranes in 1 x running buffer with 20 % methanol at 10 V, overnight. The blots were blocked in PBS plus 2 % goat serum and 0"3 % Tween 20 for 20 to 30 min. The appropriate primary antibody, at a 1:200 dilution in the blocking buffer, was applied to the membranes and incubated for 1 h at room temperature. After three to five washes in blocking buffer for 5 to 10 min each, the second antibody was applied, at a 1:200 dilution in blocking buffer, for 1 h at room temperature. Goat-anti-rabbitor goat-anti-human horseradish peroxidase (HRP) conjugates (Boehringer Mannheim) were used as secondary antibodies. The membranes were washed four to five times in blocking buffer for 5 to 10 min, followed by a rinse in PBS. The standard protocol was used for peroxidase development (Boehringer Mannheim). For ECL (Amersham) development, the second antibody was diluted 1:30000, developed according to the manufacturer's instructions and exposed to film for 10 s.
Immunofluorescence. Ost7-1 or Bsc40 cells were seeded into two-well chamber slides and, when 80 % confluent 24 h later, were infected and transfected as for the Western blots described above. We used one-fifth the amount of virus inocula and DNA/lipofectin mixtures to compensate for the difference in the number of cells between the chamber slides and a 60 mm dish. Cells were washed once with PBS and were fixed with methanol for 5 min at room temperature. The methanol was removed and the cells were rinsed with PBS. For immunofluorescence assays, the fixed cells were incubated for 1 h at 37 °C with a 1 : 200 dilution of the designated primary antibody in PBS plus 1% BSA. After incubation, the cells were washed three to four times in PBS with BSA, for 5 min per wash. FITC-conjugated secondary antibodies were added at 1 : 200 dilutions in PBS plus 1% BSA and incubated for 1 h at 37 °C. The cells were washed four or five times as above and once with PBS. For microscopy, the housings were removed from the chamber slides and about 50 gl of 50 % glycerol in PBS and then a coverslip were added to each slide. The stained cells were observed with a Leitz Dialux 20 fluorescence microscope. Most photographs were taken using ASA400 film with phase exposures of 0.5 or 0.25 s and fluorescent exposures of 1 or 2 min. Because the transfection efficiencies were less than 100%, all fields have the equivalent of control, untransfected cells which demonstrate the level of background staining.
Antisera. Antibodies against HCV proteins were produced in rabbits immunized with purified recombinant HCV proteins. The proteins were expressed in either yeast [core (amino acids 2 to 120), E1 (199 to 328), E2 (406 to 662), NS4 (1569 to 1931) and NS5 (2054 to 2995)l or in Escherichia coli [NS3 (1192 [NS3 ( to 1457 ] as fusion proteins (with superoxide dismntase) and purified by differential extractions and gel filtration or ion exchange chromatography. The purity of the proteins was greater than 90 % as judged by SDS-PAGE. HCV antibody-positive human serum LL displayed broad reactivity to HCV antigens in ELISAs. , 1990) . H e r e , the T7 R N A p o l y m e r a s e expressed by VVT7 transcribes the transfected t e m p l a t e into R N A in the c y t o p l a s m using a n u p s t r e a m T 7 p r o m o t e r w h i c h r e c a p i t u l a t e s the p r e s u m p t i v e e x p r e s s i o n / r e p l i c a t i o n o f the H C V g e n o m e f o l l o w i n g n a t u r a l infection.
Results

Identification of H C V proteins
T h e o r g a n i z a t i o n a n d the d e s i g n a t i o n o f p r o t e i n s d e r i v e d f r o m the H C V O R F h a v e been predicted, b a s e d o n limited s e q u e n c e similarity a n d , m o s t i m p o r t a n t l y , , 1991 a, b) i n c l u d i n g flaviviruses a n d pestiviruses. W e h a v e used a p r o t e i n n o m e n c l a t u r e largely b a s e d o n t h a t o f the flaviviruses. Specifically, the structural genes, c o r e a n d e n v e l o p e p r o t e i n s are f o l l o w e d by the n o n -s t r u c t u r a l (NS) proteins.
Better expression was o b s e r v e d w i t h c o n s t r u c t s c o nt a i n i n g deletions in the 5' U T R t h a n with the full-length 5' U T R (data n o t shown). T h e w i l d -t y p e H C V 5' U T R was t h e r e f o r e r e p l a c e d w i t h either fl-globin o r E M C V leader sequences (Fig. 1) to facilitate m o r e efficient t r a n s l a t i o n . It has also b e e n s h o w n elsewhere that the intact n a t i v e 5' leader does n o t p r o m o t e efficient t r a n s l a t i o n ( Y o o et al., 1992) . Recombinants bearing the EMCV leader preceding the full-length coding region (pEMCV-HCV) or the nonstructural genes (pEMCV-NS25; Fig. 1 ) were transfected into Ost7-1 cells infected with VVTT. These cells were harvested several hours post-transfection and lysates were analysed by Western blots using antibody-positive human serum. A highly immunoreactive band of Mr approx. 22K was observed in the lysate from cells transfected with the full-length clone and not with the non-structural clone nor the mock transfected control (Fig. 2, lanes 1 to 3) . This band is known to be the Nterminal core protein because Western blots probed with specific anti-core antibody (anti-C22) recognized the same band (Fig. 2, lanes 4 to 6) . In addition, Western blots of cells transfected with a clone expressing only the core region demonstrated identical immunoreactivity using both HCV antibody-positive human serum and anti-C22 antibody (data not shown). A smaller species, M~ approx. 18K, was detected, although variably, in different cell types with antibody-positive human serum (Fig. 2, lane 2) .
The next two proteins encoded in the HCV genome are the putative envelope glycoproteins E1 and E2 (Hijikata et al., 1991 ; Matsuura et al., 1992; Spaete et al., 1992; R. Ralston et al., unpublished) . E2 is also known as E2/NS1 . These two proteins, of M r 32K to 35K (El) and 68K to 72K (E2), were observed in radioimmunoprecipitations of transfected Ost7-1 cells using HCV-positive serum (Fig. 3 a, compare lanes 1 and  2) . The identity of E1 was confirmed by immunoprecipitation of the same glycoprotein when expressed from a pEMCV-CE2 template (Fig. 1 ) that terminates beyond E2 at amino acid 906 ( Fig. 3a ; compare lane 2 with lanes 3, 6 and 7) and by its absence from pEMCV-NS25 which does not encode El (Fig. 3a, lane 4) . Western blot analysis confirmed the identity of E2 for a pair of bands of M r approx. 68K reacted with E2-specific rabbit antibody (Fig. 3 b) . A comparison of E2 expression from templates with different leaders clearly demonstrated that the native leader (Fig. 3 b, lane 5) is not as efficient a template for translation as fl-globin and EMCV leader-bearing RNAs (Fig. 3 b, lanes 2, 3 and 4) . Serum LL used in this study recognized the M r 35K El, but not E2, on Western blots, whereas other serum antibodies recognized both envelope glycoproteins (data not shown).
We observed a species of Mr 23K by immunoprecipitation with antibody-positive serum that may be NS2 (Fig. 3a) . The Mr 23K band appears in immunoprecipitations of cells transfected with both the fulllength (pEMCV-HCV; Fig. 3a, lane 3) and nonstructural constructs (pEMCV-NS25; Fig. 3 a, lane 4) . It is absent from lysates transfected with the template truncated at amino acid 906 within the presumed NS2 coding region (pEMCV-CE2; Fig. 3 a, lane 2) . Although we recovered a putative NS2 band of M r 23K, we predicted coding potential for M r 29K. Thus, there may be a small NS2 species of Mr 6K that was not detected. The origin of the 16K band found in lanes 2, 3 and 7 of Fig. 3 (a) is not clear at present because it was not found in immunoprecipitations from transfections with the fl-globin leader.
The NS3 region encodes a protein of dual function; it has a potential catalytic triad similar to that of trypsinlike serine proteases and contains a consensus helicase domain which is presumably involved in template replication and possibly translation. Immunoprecipitations oftransfected cell lysates revealed a strong band of M r approx. 72K. This is a candidate band for NS3 because it is similar to that observed in vitro and, moreover, it is recovered from cells transfected with fulllength and non-structural templates, both of which contain the putative NS3 coding region (Fig. 3a,  compare lanes 3 and 4) . The possibility that this was NS3 was confirmed using monospecific NS3 antiserum to immunoprecipitate a species of M r 72K from lysates of cells transfected with pHCVss (Fig. 3 c) .
M. J. Selby and others
We subjected a radiolabelled lysate from cells transfected with pHCVss to immunoprecipitation with an antibody, anti-C100, raised against a protein that derives from the predicted NS4 region. Species of Mr 27K and 10K were detected with this antibody (Fig. 3 d) and on Western blots, using anti-C100 or serum antibodies, respectively (data not shown). These same species were observed in immunoprecipitations using antibody LL from cells transfected with full-length and non-structural templates (Fig. 3 a, lanes 3, 4, 6 and 7) . We cannot, however, assign the order of the 10K and 27K proteins within the HCV polyprotein.
Finally, the HCV ORF is completed with the NS5 domain. NS5 corresponds to the replicase protein because it contains a domain highly conserved amongst all viral RNA-dependent RNA polymerases (Kamer & Argos, 1984; Rice et al., 1986; Choo et al., 1991) . The pestivirus bovine viral diarrhoea virus (BVDV) encodes a replicase that is cleaved into mature proteins o f M r 58K and 75K, but flaviviruses do not process their NS5 proteins (Chambers et al., 1990; Collett et al., 1988b) . A Western blot probed with anti-NS5 antibody detected species of Mr 56K and 70K from templates that encoded full-length NS5 (Fig. 4, lanes 3 and 4) . The M r 56K band was detected using both full-length and C-terminal truncated templates, whereas the M r 70K band was absent in the truncation (Fig. 4 ). These data demonstrate that the 56K and 70K NS5 reactive bands correspond to NS5a and NS5b, respectively. The truncated NS5b is not readily apparent in lysates from the pHCVss transfection because its Mr is similar to that of NS5a owing to truncation.
A protein of M r > 100K was immunoprecipitated with HCV-positive serum and anti-NS5 antibodies from cells transfected with pEMCV-NS5 (Fig. 3a, lane 5) which encodes a protein that approximates the predicted NS5 precursor (amino acids 2014 to 3011 ; Takamizawa et al., 1991) . No unique M r 56K or 70K bands corresponding to processed NS5 were observed in the absence of the NS3 domain.
Immunofluorescence
We used indirect immunofluorescence to determine the subcellular localizations of several HCV proteins with specific and HCV-positive human antisera. HCVpositive antiserum LL caused cells transfected with pEMCV-HCV to fluoresce intensely (Fig. 5 a and b) . We observed punctate as well as reticular localizations that were exclusive of the nucleus. Immunofluorescence with anti-core antibody displayed highly punctate extranuclear reactivity ( Fig. 5c and d) . Double immunofluorescence with anti-C22 and LL antibody showed an overlap between core and LL staining (data not shown). The punctate pattern was observed irrespective of the 5' UTR leader sequence as both the native leader and the EMCV leader template-transfected cells yielded the same pattern (data not shown). Transient transfection of a cytomegalovirus (CMV) vector expressing core showed the same pattern of fluorescence in COS cells with both serum and monospecific antibodies (data not shown).
Rabbit antibodies recognizing both glycoproteins E1 and E2 were used in immunofluorescence of cells transfected with pEMCV-HCV. The resulting pattern was intense and extranuclear and is consistent with an endoplasmic reticulum (ER) localization (Fig. 5 e and J) . No staining was apparent on unfixed cells (data not shown), suggesting there was no transport of the glycoproteins to the cell surface.
Immunofluorescence studies of cells transfected with the NS genes clone (pEMCV-NS25) using the anti-NS4 antibody (anti-C100) showed reactivity in the cytoplasm consistent with ER localization (Fig. 5g and h ). The pattern of fluorescence was different when cells transfected with pEMCV-NS25 were observed with anti-NS3 (anti-C33c) antibody. Specifically, the staining was extranuclear and diffuse, consistent with a predicted cytoplasmic localization for NS3 (Fig. 5 i andj) . We were able to detect with affinity-purified anti-NS2 antibodies very weak fluorescence that appeared punctate in the cytoplasm of cells transfected with pEMCV-NS25 (data not shown).
Immunofluorescence of cells transfected with pEMCV-HCV showed extensive extranuclear staining with anti-NS5 antibody ( Fig. 6k and /) . Indeed, the pattern of fluorescence appeared to be diffuse and somewhat punctate, suggesting that NS5 may be soluble and accumulates in the ER. Fluorescence was also observed with anti-NS5 staining of cells transfected with pEMCV-NS5 which expressed unprocessed NS5 (data not shown).
Discussion
Using a vaccinia virus infection and transfection protocol, we have been able to identify the proteins processed from the HCV polyprotein precursor. Radioimmunoprecipitation and Western blot analyses with HCV-positive serum and monospecific antibodies were employed to characterize the HCV proteins, shown schematically in Fig. 6 .
Similar to previous accounts, we have identified a species of M r 22K corresponding to the N-terminal core protein (Harada et al., 1991; Hijikata et al., 1991; Kumar et al., 1992) . Earlier reports characterizing the core protein relied on transfections using subclones of the HCV eDNA encoding the core, often together with more distal sequences, followed by detection with patients' antisera. Our studies are more definitive because the reactivity of the core band was confirmed with monospecific antibody. We observed that core-staining of transfected cells was punctate and extranuclear. The co-fluorescence observed with anti-core and LL staining suggest that core protein accounts for most of the punctate reactivity observed with LL staining. This punctate pattern is independent of the type of HCV leader since we detected similar staining with both the native and EMCV leaders, although staining was more intense with the latter (data not shown). Consistent with in vitro translation studies, which suggested that core antigen is ER-associated (Hijikata et al., 1991; R. Ralston et al., unpublished) , we observed a punctate pattern indicating that core protein molecules might coalesce into large granules in the ER and become visible with immunostaining. We often observed a small band(s) on Western blots of cell lysates with HCV-positive human serum but not core mono-specific antibodies. The band(s) may correspond to further processed core protein, a degradation product or a prematurely terminated translation product. It is possible that it has a conformation that is not recognized by anti-C22 antibody. Moreover, the C22 antigen to which the antibody was generated contained amino acids residues 2 to 120 and was expressed and purified as a denatured superoxide dismutase-core fusion molecule. Thus the anti-C22 antibody does not recognize the last 71 amino acids of native core (cleavage after amino acid 191; Hijikata et al., 1991; and most likely recognizes only linear antigenic epitopes. Our extraction method, which uses mild detergent treatment, did not allow for the detection of core by radioimmunoprecipitation from transfected lysates. It is likely that core is very tightly associated with the ER and is not amenable to release from the membranes in the absence of stronger detergents such as SDS.
We have observed E1 and E2 glycoproteins with Mrs that agree with in vitro translations (Hijikata et al., 1991) and expression from vaccinia virus vectors (R. Ralston et al., unpublished) . Also, Spaete et al. (1992) observed E2 with the same mobility in CHO cells stably expressing the structural region. More importantly, in the context of comparing the structural genes template (pEMCV-CE2) with the fulMength template (pEMCV-HCV), we find no difference in the gel migration of the two putative envelope proteins. Thus, it appears that the NS protein genes beyond amino acid 906 do not influence the maturation of these glycoproteins.
Immunostaining with anti-E1 and -E2 antibodies was observed in cells transfected with pEMCV-HCV. The pattern of fluorescence is consistent with a location within the ER. Again, there was very weak reactivity using the construct with the native leader, undoubtedly owing to its relatively weak translational efficiency (Yoo et al., 1992) . We attempted to stain cells that had not been fixed with solvent and found no staining, suggesting that the immunoreactive proteins observed in fixed cells are restricted to the ER and are not found on the cell surface.
A species of M r 23K was observed in radioimmunoprecipitations from lysates transfected with either full-length or NS clones. This species was not observed using pEMCV-CE2 expressing a truncated NS2, suggesting that the band derives from the putative NS2 coding region. Further experiments will be needed to determine whether there is an additional low M~ band processed from the NS2 region but not detected by serum antibody LL.
NS3 We have demonstrated the NS5 is processed into two species. The NS5 species of M r 56K corresponds to the N-terminal NS5a because it was observed in Western blots using cells transfected with templates containing full-length or NS5 truncated at the C terminus. Similarly, the C-terminal location of NS5b was confirmed by the absence of the 70K band in transfections with such truncated NS5.
The immunoprecipitation of an unprocessed high Mr species from a clone bearing presumptive full-length NS5 suggests that NS5 must be processed by a virus-encoded protease and not by cellular proteases or by signal peptidase. NS3 has been shown to be required for the processing of NS5 (M. Eckart et al., unpublished) . Cotransfection of pEMCV-NS5 with a clone expressing NS3 should address the possibility of NS3 functioning in trans to mature the NS5 precursor.
Cleavage of NS5 into two pieces implies that HCV is more closely related to the pestiviruses than to the flaviviruses because the former divide NS5 and the latter do not. Also, the C-terminal NS5 proteins from both HCV and BVDV contain the consensus polymerase sequences (Collett et al., 1988a, b) .
The identification and immunostaining of the proteins encoded by the HCV genome suggest that most of them reside in the ER, and only NS3 and NS5a may be soluble. This conclusion derives from the absence of transmembrane regions predicted from hydrophobicity profiles and their observed accumulation in the media of transfected cells (data not shown). NS3 and possible NS5a reactivities in immunofluorescence assays are consistent with a soluble, cytoplasmic localization of these proteins.
The observed cytoplasmic coalescence of core, and to some extent NS5, proteins might serve to identify the sites of viral assembly. It is interesting that Krawczynski et al. (1992) have observed punctate staining of infected liver sections using patients' antiserum. It will be of interest to determine whether these granular deposits are composed of HCV core and/or NS5 proteins. The observation that the envelope glycoproteins accumulate in the ER in a diffuse pattern contrasts with the behaviour of core and NS5. It remains to be determined why the patterns of these species differ and how this influences viral assembly.
A remaining issue concerns the mechanism of release of HCV virions from infected cells. By analogy with related viruses, HCV virions are likely to be composed of core and envelope glycoproteins. We found no consistent evidence for these species in the media of transfected cells, using either the native leader or the EMCV leader. However, vaccinia virus infection is not ideal in this respect because of the cytopathic effects of extended periods of incubation with this virus.
Note added in proof. A comparison of immunoprecipitations from transfections with a full-length template and a deletion beginning at Xhol has allowed us to determine the order of proteins in the NS4 region. Specifically, the M r 10K was observed in immunoprecipitations of both templates, indicating that this protein is N-terminal and corresponds to NS4a, while the downstream M r 27K, NS4B, was not observed in the deletion.
